We present a first-principle study of electronic and optical properties in pure LiF and O-doped LiF crystals. The pure LiF crystal exhibits a wide band gap while the O-doped LiF crystal shows the less band gap due to the contribution of O 2p. Some optical constants, such as dielectric functions, reflectivity and the refractive index, have been performed. The calculated reflectivity and refractive index from the pure LiF crystal agree with the experimental and recently calculated results in the low-energy range. Meanwhile, the optical properties have also been predicted from the O-doped LiF crystal. The absorption band in 200 nm has been observed, which is relatively close to the experimental result.
Introduction
The LiF crystal has a wide band gap and a high transparency in the ultraviolet and visible spectral range, and is commonly used as window material, especially ultraviolet. The LiF crystal can be easily colored by ionizing radiation. The colored LiF crystal has very good optical and spectral properties and has been applied in visible color-centered lasers [1] [2] [3] [4] and integrated optical devices [5] , etc. Sometimes, some impurities are introduced into the pure LiF crystal for improving or enhancing certain properties of the uncolored or colored crystal, in particular the colored O-doped LiF crystal for stabilizing its lasing active centers [6, 7] . In our recent work, O-doped LiF crystals were efficiently colored by using the electrolysis method, and intense F + 2 -like lasing active centers were produced in the colored crystals [8] .
The LiF crystal can be considered as a prototype insulator material since it allows us to investigate the role of electronic boundary correlation between localized and delocalized electronic states. In addition, it shows a variety of interesting interaction mechanisms between the electronic and geometric structure. Many of these features, as in the characterization of color centers or the emission of atoms from laser-excited alkali halides, involve elec-tronic states. The LiF crystal has the largest band gap (14.4 eV) and it is the ideal material to study electronic states and corresponding optical properties.
First-principles has been used widely to calculate the optical properties of some insulated crystals and show a high degree of accuracy. In the past years, the LiF crystal has been investigated by many quantum mechanisms. By the self-consistent field (SCF), the method of tight binding (TB) has been applied to calculate the energy band structure of the LiF crystal [9] . The calculated energy band gap supports experimental results. Hayns [10] has also calculated band structure by completely neglecting differential overlap (CNDO). Meanwhile, a first-principles calculation of electrical structure of the F center in LiF crystals has been performed, and the energy difference corresponds well with the experimental frequency [11] . Due to the underestimation of the band gap and the too low optical absorption edge, Benedict et al. [12] has presented a scheme to calculate the absorption of insulators, including the electron-hole interaction. This result is more accurate than the result derived from the one-electron approximation. Unfortunately, such an approach is limited to very small systems. Its application to large disordered systems considered in this study is outside the current computational capabilities. At this time, few investigations in electrical and optical properties of O-doped LiF have been carried out by first-principles. Therefore, the firstprinciples investigation of O-doped LiF is very interesting because it provides some valuable information regarding the preparation and coloration of O-doped LiF crystals.
The present study carries out, the first-principles total energy study by using the generalized gradient approximation (GGA) for the electron exchange-correlation functional. The plane wave pseudopotential density functional theory has been used to study the electronic and optical properties.
Computational method
The calculations were carried out in an initio manner, as mentioned, and within a GGA approximation for the exchange-correlation term, parameterized by the PerdewBurke-Ernzerhof (PBE) [13] and Cambridge Serial Total Energy Package (CASTEP) code [14] . They were performed using a periodic boundary condition. The previous study has shown that the norm-conserving pseudopotential is more suitable than the ultrasoft pseudopotential in optical properties calculation [15] . Thus, norm-conserving pseudopotential, which was developed by Hamann el. al [16] , is used in a reciprocal space. The Li pseudopotential included 1s 2 and 2s 1 while the F pseudopotential had F 2s 2 and 2p 5 . The O pseudopotential had 2s 2 and 2p 4 . The self-consistent field (SCF) tolerance and energy cutoff is 2.0×10 −6 eV/atom and 630 eV, respectively. All component forces were equal to or less than 0.1 eV/A for every atom, and the total converged energy was less than 10
eV. For the -points, a 3×3×3 Monkhorst-pack grids has been used [17] . The irreducible point is in a high symmetry structures, and a correspondingly higher number for the distorted structures with lower symmetry. All other calculations are performed on the basis of the optimized lattice structure.. The calculations were performed at a constant volume. The 2×2×2 supercell was used containing 8 Li and 8 F atoms, respectively. The lattice constant and density in the pure LiF crystal was 4 026 Å and 2.64 g/cm 3 , respectively. So far, the dominant doping method from the firstprinciples calculation has been a substitutional doping method which also indicates a degree of accuracy. Thus, this paper has taken the substitutional doping method into account. The O atom has been used to substitute an F atom in the LiF crystal. The supercell of the O-doped LiF is Li 8 F 7 O and its density is 2.6 g/cm 3 . For obtaining exact absorption results in a low energy range, the scissors operation has been carried out in an optical absorption of the O-doped LiF crystal.
Result and discussion
The electronic structures were calculated in the region from -20 to 20 eV. The energy band structure of the pure LiF crystal is illustrated in Fig.1 . Results show that the fundamental band gap of the pure LiF crystal is about 9.15 eV, which is less than the experimental value (13.6 eV) as determined by Roessler and Walker [18] . It is well known that the underestimated band gap may be based on the density functional theory (DFT) level of theory. The valence band consists of the 2p, 2s state of F. The band of F 2p is relatively flat between -3.01 and 0 eV, and has a width of 3.01 eV, which is very close to the measured band width of 3.5 eV and the previous calculated results [19, 20] . The F 2s state is at ∼18.9 eV, which is less than the previous study by LDA [21] . The lowest conduction band consists of 2s state of Li [22] . However, it is not exact because the Li 2s orbital may couple with the other states. The energy band structure of the pure LiF crystal has been calculated previously by Page and Hvgh [23] . A muffin-tin crystal potential, which includes nonspherical potential terms, was used and adjusts the coefficient of the exchange potential. Thus, the obtained band gap is more exact than our experimental result. Table 1 provides a summary of the band gap by using different approaches. The band gap from the pure LiF is calculated by LDA, which is less than the result from GGA. And it appears lower than the previous studies by LDA [20, 24] . The different calculated details, such as different functionals and calculated qualities, can influence the calculated results. However, this is not the main focus of this paper. It should be noticed that the band gap from GGA-PBE approximates the experimental results. It is a known fact that the electronic properties are closely related to the optical properties. Thus, for sake of calculated accuracy, the GGA-PEB approach is used to calculate the electronic and optical properties, and other functionals has been excluded. Besides, using different functionals, the band gap of O-doped LiF is 6.7, and 7.6 and 7.8 eV, respectively, to be compared with optical data of 12.4 eV [27] . Fig. 2 shows the energy band structure ent from the pure LiF crystal. O-doping induces the shift of the conduction band, which leads to the energy band narrowing effect. Some new bands have been observed in the valence band. Meanwhile, the conduction band in the Brillouin Zone, shifts to the low energy value. The band gap is 7.8 eV, which is less than that of a pure LiF crystal. Combining the total density of states (TDOS) in Fig. 3 , it is clear that the new impurity state around -15 eV has It is well known that the interaction of a photon with the electrons in the system can be described in terms of time-dependent perturbations of the ground-state electronic states. Transitions between occupied and unoccupied states are caused by the electric field of the photon. The spectra from the excited states can be described as a joint density of states between the valence and conduction bands. The imaginary part of the dielectric function ε 2 (ω) could be calculated from the momentum matrix elements between the occupied and unoccupied wave functions; the real part ε 1 (ω) of the dielectric function can be evaluated from the imaginary part ε 2 (ω) by the well-known KramerKronig relationship. Absorption coefficient α(ω), reflectivity R(ω) and the refractive index (ω)can be obtained from the ε 1 (ω) and ε 2 (ω).
It is known that the imaginary part of dielectric function ε 2 (ω) is very important for any materials, so the ε 2 (ω) of the pure LiF and the O-doped LiF crystal are illustrated in Fig. 4 . The experimental data of the pure LiF crystal has been measured by Roessler and Walker [28] . For the calculated pure LiF crystal, there are three main peaks inε 2 (ω), which are 11.6, 17.2 and 20.0 eV. The exciton peak at 11.6 eV is less than the experimental result (∼12.7 eV), which is related to the shortcoming of DFT in excited states calculation. Similar results have also been reported by Clerouin et al. [29] . The peak at 17.2 eV can be due to an exciton transition from the F 2s state, which is consistent with DOS results. It approximates experimental results (17.5eV). The peak intensity at 20.0 eV aligns itself with experimental results, although experimental result (22 eV) are less. All underestimated values can be related to the energy band underestimation of the DFT theory. Unfortunately, the peak at 14.5 eV is so inexplicit that it cannot be observed, which is different from the experimental result. This discrepancy has also been observed by Benedict et al. [12] . It may be attributed to the underestimation of the GGA calculation in the electron-hole interaction. However, the dielectric function calculation by DFT is not as faint as the previous investigation [12] . This may due to the rectification of the GGA-PBE. New peaks at 0.22 eV and 2.00 eV were observed after the O-doping, while the three excition peaks shifted to 11.3, 14.6 and 17.3 eV. The shift was consistent where the DOS results were concerned. It is obvious that the optical transition and emission in the interband of the LiF crystal has been influenced by doping. In order to reveal the optical properties in detail, the other optical constants, such as optical reflectivity, refractive index, and absorption have also been investigated. Fig. 5 shows the refractive index of the pure LiF and the O-doped LiF crystal in theoretical and experimental conditions. The experimental data in the range of 0 − 14 eV is available by Cox and Johannsen [30, 31] . The refractive index from the calculated pure LiF crystal supports experimental results at a low energy range. It indicates that the calculated results at low energy are noteworthy for predicting the refractive index. Similar results have also been obtained by quantum molecular dynamics (QMD) simulations based on DFT [29] . In addition, the peaks at 11.6 The experimental data of pure LiF crystal was obtained by [30] and [31] . [32] have investigated the reflectance between 1 and 30 eV, which is used to compare the calculated reflectance spectra. The variation of peaks at 11.6 and 17.2 eV is extremely similar to the variation of dielectric function ε 2 (ω). It indicates the result from the optical reflectance is consistent with the dielectric function. In addition, the peak at 22.4 eV is close to the experimental result (23 eV). Likewise, the reflectance from the O-doped LiF crystal within a low energy range has increased sharply and its average optical reflectance is as high as 15% in 0 − 2 eV; the pure LiF crystal is less than 5%. It is likely that the high reflectance should be associated with electronic transport in interband or intraband, although the experimental evidence is not available. Additional experimental investigations are necessary to confirm our calculations.
It is well known that the optical absorption is widely used to investigate the F centre and the related defects. The possible optical transition is usually located at a low energy range. Unfortunately, all the optical constants have been underestimated due to the underestimation of the band gap; therefore, it is difficult to predict an exact optical transition for the O-doped LiF crystal at a low energy range. However, we noticed that the band gap of the O-doped LiF crystal was slightly less than the pure LiF crystal. The results from ε 2 (ω) also indicated that the optical absorption edge from the O-doped LiF crystal was also close to the pure LiF crystal. Moreover, the abundance of optical data from the O-doped LiF crystal suggests that doping can't influence band gap obviously [33, 34] . So, in our calculation, we have used the energy scissors approximation with 5.5 eV to fit the calculated absorption edge for the experimental value. Fig. 7 shows the optical absorption of the pure LiF and O-doped LiF crystal for theoretical and experimental conditions. The calculated pure LiF crystal performs the strong peak at 103 nm while optical absorption above 200 nm cannot be observed. This is consistent with the other parameters and previous experimental studies [35, 36] . The extremely low absorption within the visible range indicates the optical properties as highly transparent. The experimental data has been performed using an UV-Visible spectrometer within the range of 100-700 nm at room temperature. It can be determined that the optical absorption band measured from the experiment is around 196 nm. Meanwhile, the calculated optical absorption band is about 200 nm, and its shoulder peak is around 150 nm. It can be conceived that the peak at 200 nm should be corresponding with absorption band at 196 nm, which is related to the O 2− Va + dipole absorption band [37] . An earlier investiga- tion has revealed that the O-doped LiFcrystal may induce some absorption bands, such as 143 and 200 nm [33] . The calculated results are very close to experimental data.
Conclusion
In summary, we present the first-principle study relating to electronic and optical properties in the O-doped LiF crystal. The pure LiF crystal exhibits the wide band gap with 9.15 eV, while the O-doped LiF crystal shows the less band gap of 7.8 eV. Some optical constants, such as dielectric functions, reflectivity and refractive index, have been performed. The calculated reflectivity and refractive index from the pure LiF crystal support the experimental and recent calculated results within a low-energy range. Furthermore, optical properties from the O-doped LiF crystal are also predicted. The absorption band in 200 nm is observed, which aligns with the experimental results.
